Previous study revealed that the MRP1 gene ortholog DMRP1/CG6214 of Drosophila melanogaster contains 12 exons in the coding region. In the current study, the genes of DMRP1/ CG6214 from D. melanogaster and Drosophila virilis were compared, and the result indicated that D. virilis had an extra intron located in exon 2, implying that intron loss or gain might have occurred at this locus. To track the evolution of the extra intron (Intron Z), orthologous nucleotide sequences of 37 arthropod species were cloned or annotated. Based on phylogenetic analysis, we found that Intron Z should present in the common ancestor of arthropod species, more than 420 Ma. In addition, we found that Sophophora subgenus species and mosquito (Culex pipiens) lost Intron Z independently, showing evolutionary convergence.
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Spliceosomal introns are sequences that interrupt exonic sequences of genes in eukaryotes and which are removed from RNA transcripts by spliceosome, but they perform important functions and actively participate in gene evolution (Fedorova and Fedorov 2003) . Although considerable questions about the evolutionary history of spliceosomal introns remained unresolved, recent important progress had been made due to the release of numerous genome sequences from some major eukaryotic lineages (Roy and Penny 2006; Carmel et al. 2007; Irimia and Roy 2008) . With an increasing number of sequenced eukaryotic genomes becoming available, it is possible to explore more recent intron evolutionary dynamics. For example, the history of intron loss or gain and intron sequence evolution during eukaryotic history has been elucidated (Coulombe-Huntington and Majewski 2007) .
The multidrug resistance-associated protein, MRP1, a membrane glycoprotein, was first found in a human small-cell lung cancer cell line where its over expression conferred resistance to a large spectrum of drugs (Cole et al. 1992) . dMRP1/CG6214 of Drosophila melanogaster has been identified as the ortholog to the human MRP1 gene (Grailles et al. 2003) . The dMRP1/CG6214 of D. melanogaster spans 22.6 kb of genomic DNA and contains 12 exons in the coding region. In the current study, we annotated the dMRP1/CG6214 of Drosophila virilis, a relative of D. melanogaster. Subsequently, dMRP1/CG6214 genes of the 2 Drosophila species were aligned, and the result suggested that there might be an extra intron (named Intron Z) located in exon 2 of D. virilis. PCR and reverse transcription (RT)-PCR experiments were carried out, with results indicating that Intron Z was present in the genomic DNA and could be removed precisely in mature mRNA. Here, we report the results of our analyses to track the origin and evolution of Intron Z.
Materials and Methods

Source of Species
The arthropod species used in this study are listed in Table  1 . Dead and live specimens were used. Live specimens were obtained from the laboratory of life science, Hubei University.
DNA and RNA Extraction
Genomic DNA was isolated from flies using the Universal Genomic DNA Extraction Kit (Takara, Dalian, China) according to the methods of manufacture. The adults of the D. virilis were homogenized in 1000 ll of TRIzol, and the total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the protocol of manufacturer. The prepared DNA and RNA were stored at À80°C for later use.
Synthesis of the cDNA
Reverse transcription reactions were carried out at 42°C for 1 h, the reaction mixtures contained 20 U RNase inhibitor (Invitrogen, Carlsbad, CA), 200 U superscript II (Invitrogen), 3 lg total RNA, 500 ng random hexamers, and the buffers provided by the manufacture.
PCR and the RT-PCR
Five primers, A (5#-CCG CCT TGG ATC TGA TCA TG-3#), B (5#-CAG TTG AGG ATC AGC ATCA-3#), C (5#-TTN TGN GGN TCC CAN TTC TGG-3#), D (5#-TTG CGS ACR TTC TGR TTC CAG TG-3#), and E (5#-ACT TGY TTC TCR AAR CTN GG-3#), were designed by comparing available sequences from other species and which were located in highly conserved regions of MRP1 (Figure 1a ). Using these primers, we could amplify about 1.8-kb fragments spanning exon 1 to exon 4. PCR reaction (50 ll) was performed by using conditions as follows: 50 ng template DNA or cDNA, 20 pM of each primer, 2.5 mM MgCl 2 , and 2 U Taq DNA polymerase. Amplification was implemented with denaturing at 95°C for 3 min, 30 cycles of denaturing at 94°C for 1 min, annealing at 58°C for 50 s, and extension at 72°C for 40 s, followed by extension at 72°C for 10 min.
DNA Cloning and Sequencing
The amplified samples were run on 1.5% agarose gel, and the bands excised out using Gel Extraction Kit (Axygen, Hangzhou, China) and cloned into PMD-18T cloning vector (Takara). The cloned PCR products were sequenced using universal M13-47 forward (5#-CGC CAG GGT TTT CCC AGT CAC GAC-3#) and M13-48 reverse (5#-AGC GGA TAA CAA TTT CAC ACA GGA-3#) primers in an ABI3730 sequencer. The nucleotide sequences cloned in this study have been deposited in NCBI GenBank nucleotide sequence database under accession numbers HQ850387-HQ850403 and JF899579-JF899591.
Identification and Annotation of MRP1 Orthologs
The nucleotide sequences of MRP1 genes for D. simulans, D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, 
Sequence Alignment and Phylogenetic Analysis
The taxonomic relationships of the species were obtained from the NCBI (http://www.ncbi.nlm.nih.gov/guide/taxonomy/). Sequences were aligned using Clustal W program (Thompson et al. 1994 ). The phylogenetic tree was constructed using MEGA3.1 (Kumar et al. 2004 ) by neighbor joining method.
Results
Identification of Intron Z in D. virilis
Using the dMRP1/CG6214 of the D. melanogaster as query sequences, the orthologous nucleotide sequence of D. virilis was obtained and annotated successfully. We made alignments for orthologous exons from the 2 species. The result revealed that exon 2 of D. virilis had an extra fragment. The extra fragment was 58 bp in size and located in the middle of exon 2. We postulated that the additional fragment was an intron because it was characterized as the ''GT-AG'' splicing signals. The putative intron was named Intron Z. In order to confirm that Intron Z was an intron, 2 primers (A and B) were designed (Figure 1a) . Using the primers, we could amplify a 458-bp long DNA fragment covering Intron Z. PCR and RT-PCR reactions were carried out, and the result indicated that Intron Z was a spliceosomal intron (Figure 1b) .
Tracking the Origin of Intron Z
The presence of Intron Z in D. virilis and its absence in D. melanogaster suggested that the event of intron loss or gain occurred after they diverged. In order to track the origin and evolutionary history of Intron Z, orthologous sequences of 35 other arthropod species were cloned or annotated ( Table 1) . The studied organisms consisted of one order of Crustacea (Daphnia pulex) and 3 major clades of insecta species. The studied insects included 33 Diptera species, 2 Hymenoptera species (A. mellifera and N. vitripennis), and 1 Coleoptera species (T. castaneum). Together, these species allowed us to examine the evolutionary history of Intron Z over more than 420 My, with both short-term resolution (comparing the organization of the gene within Drosophila and mosquito species) and longterm resolution (comparing the organization of the gene between Insecta species and waterflea). Intron Z was found in D. virilis, D. grimshawi, D. polychaeta, D. sulfurigaster, D. mojavensis, A. aegypti, A. darlingi, A. gambiae, T. castaneum, A. mellifera, N. vitripennis, and D. pulex but not in the other 25 Diptera species. It is probably that Intron Z was present in the common ancestor of the arthropod species before divergence and was lost in some Diptera species; otherwise, multiple independent events of intron gain would be needed to explain the observed Intron Z. The divergence time is about 420 My, so Intron Z is very ancient.
Convergent Loss of Intron Z
Among the analyzed Diptera species, it was uncertain that the species without Intron Z lost the intron in their common ancestor. To resolve the matter, we constructed a phylogenetic tree of these arthropod species using the nucleotide sequences (Figure 2) .
The resulting phylogenetic tree revealed that the Drosophila species without Intron Z were most closely related among the Diptera species. It could be concluded that Intron Z was removed in the common ancestor of these species. Meanwhile, we also checked the taxonomic relationships of the Drosophila species. It was found that the species which did not contain Intron Z belonged to sophophora subgenus and the species with the Intron Z retained belonged to Drosophila subgenus. So, Intron Z was probably deleted in the common ancestor of sophophora species.
In addition, the phylogenetic tree also suggested that the ancestors of sophophora subgenus species and C. pipiens lost Intron Z indepdently, showing evolutionary convergence.
Discussion
Although introns were discovered 34 years ago (Berget et al. 1977; Chow et al. 1977) , considerable important questions about their origin and evolution remain unanswered or uncertain. The long-lasting debate about the timing of origin of the first introns has reached little agreement (Roy and Gilbert 2006) . It is unknown whether introns existed before the divergence of prokaryote and eukaryote, but there is no doubt that there have been gains and losses of introns during the evolutionary process. In the current study, intron losses of MRP1 were found in Drosophila and mosquito. As we know, the loss of Intron Z from the 5# end of the MRP1 gene is a precise loss of a single intron in a multiple-intron gene, with its neighboring introns retained. Previous studies had proposed 3 main mechanisms for loss of introns (Bernstein et al. 1983; Kent and Zahler 2000; Llopart et al. 2002) , but these mechanisms do not adequately explain the cases of intron loss in the current study. However, a new model of intron loss, defined as intron exclusion, which suggests that cDNAmediated homologous recombination and a DNA doublestrand break repair machinery work together to remove a single internal intron precisely (Hu 2006) , can explain the cases well. In fact, there are some examples of intron exclusion, which have been reported. It was found that there was an allelic intron presence-absence polymorphism for the 4f-rnp gene among D. robusta populations in which intron 7 was deleted precisely with the surrounding introns retained (Feiber et al. 2002). Large-scale comparison of intron positions in mammalian genes showed 5 in-frame losses of a single internal intron in 5 genes of mouse and an exact loss of an internal intron in rat (Roy et al. 2003) . Alignment of introns for some selected plant homologous genes indicated the Adh gene of Oryza sativa lost a single intron with the upstream and downstream introns retained (Hu 2006) . Intron Y of Dfak gene, which should be located between intron 7 and intron 8, was reported to be lost exactly in species of the D. melanogaster subgroup (Jin et al. 2005; Zhan et al. 2008) . The current study provides additional evidence for the new intron loss model. Convergent evolution, the acquisition of the same biological trait in unrelated lineages, provides one of the most compelling sources of evidence for natural selection. Although many examples of convergent morphological evolution are well known (such as the independent development of wings in mammals and birds), evidences of convergent evolution at the molecular level appear to be rare (Castoe et al. 2010) . In recent years, however, other cases of convergent evolution at the molecular genetic level have also been reported. The evolutionary convergence of alternative splicing was found in ion channel genes (Copley 2004) . A remarkable case of convergent molecular evolution involving more than 100 parallel amino acid changes across all 13 mitochondrially encoded proteins of snakes and agamid lizards was reported (Castoe et al. 2009 ). Convergent origins and rapid evolution of spliced leader trans-splicing were discovered in metazoa (Derelle et al. 2010 ). In the current study, losses of Intron Z in Drosophila and mosquito also demonstrated evolutionary convergence. These increasing and novel examples suggest that evolutionary convergences at the molecular genetic level might be frequent events.
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